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The ambipolar transport equation is solved numerically to provide the physical insight of high-level
free-carrier injection in the quasi-neutral region of n/p junction devices. It is shown that the
diffusion current-only approximation used conventionally to model the minority current fails when
high-level injection prevails. Our results further suggest that in high-level injection, the drift current
is comparable to the diffusion current and that the minority current in the quasi-neutral region is
position dependent even if the region is thin. Based on the numerical results, an empirical model is
also developed which, while retaining the form of the conventional diffusion current-only model,
can accurately describe the current transport in an n/p junction including the effect of high
injection. 0 1995 Ameridan Institute of Physics.

I. INTRODUCTION
Despite the fact that high-level injection of free carriers
in the semiconductor device is a long existing and widely
known topic, such a’mechanism has seldom been implemented properly in analytic device models. For example, in
modeling the current in an hip junction device, it is conventionally assumed that the minority current in the quasineutral region is’predominantly the diffusion current based
on the approximation that the electric field in the region is
absent.‘12 The effect of high-level injection is only partially
accounted for in the conventional model by modifying the
minority carrier density at the edge of- the space-charge
region.3 As will be shown later in this article, this approach
fails to give an accurate description for the current transport
in the quasi-neutral region of n/p junction devices when the
voltage is large and/or the doping concentration is low.
The ambipolar transport equation (ATE), first developed
by Van Roosbroeck,” is a useful tool to investigate the moderate and high-level injection problem in semiconductor devices. Basically, it is derived from the electron and hole continuity equations and uses the condition that charge neutrality
exists in the quasi-neutral region even under the nonequilibrium condition. The solution to the ATE requires numerical
procedures, unless the ATE is simplified using various approximations such as low-level injection and zero electric
field. A useful feature of the ATE is the possibility of a direct
physical correlation; each term represents a distinct and
readily discernable physical phenomenon, as demonstrated
by Ishaque et aL5 for application to photocurrent modeling.
In this article, we will focus on the quasi-neutral region
of ann+/p junction diode and present the results calculated
numerically from the ATE. The purpose of the treatment is
twofold. First, by presenting the results of the electric field,
drift current, and diffusion current in the quasi-neutral region, we discuss and assess in detail the validity of the zero
field and diffusion current-only approximations used conventionally. Second, based on the numerical results, we develop
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an empirical model which, while retaining the form of the
conventional diffusion current-only model, can account for
the effect of moderate and high-level injection.

II. THE AMBIPOLAR

TRANSPORT

EQUATION

The basic semiconductor device equations are6
dn

dt=
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where the symbols have their usual meanings. For the quasineutral regions, it is normally assumed that the charge neutrality exists, and the space-charge density p in the regions is
approximately zero. This is derived based on the assumption
that under the nonequilibrium condition, the net charge in the
quasi-neutral region is not perturbed notably beyond its equilibrium value. As will be shown later, such an approximation
is sufficiently accurate for almost all bias and doping condiI
tions.
Let us focus on the quasi-neutral base (QNB) of an n+lp
junction diode. Throughout the analysis, we will assume that
both the emitter and base regions are thin and are uniformly
doped with No and NA , respectively. Because of the quasineutrality, the Poisson equation becomes redundant and
An=Ap,
611/5/$6.00

dAn
z-z,

dAp
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where An =n-no
and Ap=p -p. are the excess electron
and hole concentrations, respectively. The one-dimensional
ambipolar transport equation (ATE) is then obtained by combining Eqs. (l)-(4) with Eq. (6):
d2An
D a ~+P&)

dAn
dx+G,-R,=O,

D =D,D,(p

a

+n>

nD, f PD,

QzD,[~o+2~~(~)1
~poDp+(D,+Dp)An(xj

(8)

is the ambipolar diffusion coefficient and

III. NUMERICAL PROCEDURE
Tkvo iterative procedures are required to solve the ATE.
The first one is used to calculate An(x) in the QNB based on
an assumed c, and the second is needed to calculate the correct 5 after An(x) has been solved. First, for an initial 5
(normally zero is used), An(x) in the QNB is calculated
from Eq. (7) using the finite value method The method requires the knowledge of An(xp), which is specified in Eq.
(ll), and dAnldx at xp, which is not known and an initial
value needs to be assigned. A discretization size of w,/lOO in
the QNB is used (i.e., 100 subregions), and the initial value
of dhnldx at xP is chosen as
dAnldx~~,=An(xp)l(wB-xp),

kwp(p--n)
pa’ p~pfwn

Lc&PO
/+~o+(~*n+&An(xj

(9)

is the ambipolar mobility. Note that D, and ,u~ reduce to the
electron diffusion coefficient D, and electron mobility pn,
respectively, if low injection (pa&An) prevails in the QNB.
The electric field 5(x) in Eq. (7) can be derived from
Eqs. (4) and (3)?

5(x)=
JJq

c

~~rrc,+(~,+&Mx)

PII--Pp
Po~p+(~n+~p)~~i4

dAn(x)
(10)
dx

’

where J is the total current density passing through the diode.
The boundary conditions for An in the QNB under all
injection levels are3
An(x,)=-0.5N,+0.5NA[

I+[$exp(

~~])““,

An(ww)=O.

(11)
(12)

Here, xP is the edge of the space-charge region on the base
side, wg is the position of the base ohmic contact, Vi is the
junction voltage across the space-charge region, and VT is
the thermal voltage. An(x,) is derived from the chargeneutrality condition in the QNB and the assumption that the
quasi-Fermi potentials are flat across the space-charge region
(quasi-equilibrium approximation).3 The other boundary
condition, An(w,), is obtained from the fact that the excess
carriers are absent in an ideal ohmic contact. It is important
to point out that Vi is in general smaller than the applied
voltage V, and cannot exceed the junction built-in potential
due to the voltage drops in the series resistances associated
with the quasi-neutral regions. The series resistances can be
extracted from measurement techniques7 and their effect on
the current transport may be included by adding the lumped
resistances to the device terminals. Analysis of such a
mechanism is beyond the scope of this study.
The ATE in general cannot be solved analytically, and a
self-consistent numerical procedure is given below.
1612
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dAnldxl$=dAnldxl~,‘+g,

for k= 1,
for k>l,

(13)

where k is the number of iterations. The value of dAnldx[,
used for the first iteration (k = 1) is the exact solution if highlevel injection and electron-hole recombination in the QNB
are not significant. The term 5 is refinement made during the
iterations, the value of which is determined from the error of
An(ws) associated with the previous iteration. The iteration
procedure for An(x) continues until the other boundary condition An(wB)=O is satisfied within an error of less than
10-3.
Next, the solution of An(x), together with the assumed
c, is used in Eq. (3) to solve for the current density. Putting
the current density and An(x) in (lo), we determine E in the
QNB. The new value of 5 is then used in the previous steps
until convergence is obtained. A flowchart is given in Fig. 1
to illustrate the numerical procedure.
IV. RESULTS AND DISCUSSION
Figure 2 shows the excess electron concentration in the
QNB for three different junction voltages and two base doping concentrations. An emitter doping density of 1019 cinm3
and a base thickness of 0.2 pm are used in the calculations.
In addition, typical values of D, = 15 cm2/s and minority
carrier lifetime rn=l ,us in the QNB have been employed.
For small voltages (Vj=O.5 and 0.7 V), where low-level injection prevails, An for NA= 1017cme3 is always larger than
that for N =lO” crnm3 throughout the QNB. At V,=O.9 V,
however, in in the region near the base contact for iV,=10t7
cmm3 becomes smaller than that for NA = 10” cme3. This is
because a large field exists in the region due to the high-level
injection, which then enhances the minority carrier transport
in the base region and decreases An.
Figure 3 confirms the discussions above, which shows
that the electric field in the QNB increases with Vi and decreases with NA . In other words, the nonzero electric field in
the QNB results because of high-level injection in the region.
At V,=O.9 V, the electric field reaches lo3 V/cm for
NA= 10” cme3 and lo4 V/cm for N,=10i7 cmF3. Clearly,
the conventional assumption that the electric field is zero in
the quasi-neutral region becomes questionable if the voltage
is large and/or the doping concentration is low. Another important physics note is the slope of the electric field. Since
the space-charge density p is directly proportional to d&dx,
Yue, Liou, and Ortiz-Conde
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FIG. 3. Electric field distribution in the quasi-neutralbase.

FIG. 1. Flowchart for the numerical procedurefor solving the ambipolar
transportequation.

p is nearly zero for all cases except for Vj=O.9 V and
N A =1017 cmP3 as evidenced by the results given in Fig. 4.
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than twice of 1.8X lOI6 cme3. Thus, An= Ap holds marginally even in this most extreme case. This suggests that charge
neutrality is a good approximation for analyzing the charge
transport in the quasi-neutral region.
Figures 5(a) and 5(b) show the electron diffusion and
drift current densities versus the position for Vj=0.7 and 0.9
V, respectively. Important physical insight can be learned
from these results. First, the drift current is not negligibly
small compared to the diffusion current when high-level injection prevails. In fact, the drift current is comparable to the
diffusion counterpart if Vj is large and NA is low [Fig. 5(b)].
Second, the diffusion current in general is not spatial independent in the thin base as conventionally believed. At high
injection, the diffusion current decreases with position,
which is due to the presence of a large electric field in the
region. The ratios of drift to diffusion currents in the QNB
are plotted in Fig. 6.
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Based on the above results, we now proceed to develop
an empirical model which, while retaining the form of conventional diffusion current-only model, can take into account
the effect of high-level injection. The model is intended to
describe the minority current densities at the edges of the
space-charge region, which give the total current density
flowing through the device, rather than the minority current
distribution in the quasi-neutral region. We propose the following empirical expression:
4&J

=a,et&CQh
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FIG. 5. Minority drift and diffusion current densities in the quasi-neutral
baseat(a) Vj=0.7 V and (b) V,=O.9 V.

be examined. Let us focus on the case for which high-level
injection is most prominent: N,=10i7 cmM3 and VjzO.9 V.
The space-charge density p peaks at x=0.18 ,um and has a
value of about 3X 10e3 C/cm3 (Fig. 4). This indicates
Ap=1.8X10t6+An
at that point. From Fig. 2, An at
x=0.18 pm for this case is 4X1016 cmw3, which is more
1614
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VI. CONCLUSION
In an effort to study the underlying physics of high-level
injection, a self-consistent numerical procedure is developed
to solve the ambipolar transport equation at various bias conditions and doping concentrations. The results obtained are
then used to provide the physical insight into the minority
carrier transport in the quasi-neutral region of an nlp junction device under all injection Ievels. The validity of zero
electric field and diffusion current-only approximations used
conventionally is also assessed. It is shown that such approximations become questionable if the doping concentration is below 10” cme3 and the junction voltage is greater
than 0.8 V. In such a case, both the diffusion and drift tendencies are important, and tbe minority current is not constant versus the position in the thin base as conventionally
believed. Based on the numerical results, an empirical model
is also developed. The model accounts for the high injection
effect, while retaining the same form as the conventional
diffusion current-only model.
The finding presented is not limited to the n/p junction
diode, but is also useful to other devices involving minority
carrier transport such as bipolar junction transistors and
p-i-n photodiodes.
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whereDn,e~is the effective electron diffusion coefficient including the high injection effect:
D ,c,e~=Dn+

1.0X 10’3N~1~12[exp(Vj11.9Vr)-l].

(15)
Figure 7 shows the Dnveb vs Vj characteristics as a function
of NA calculated from Eq. (15) and extracted from the numerical solution. Note that D n,effconverges to D, at small Vi
and large NA . A discrepancy of less than 10% is found between the two results for a wide range of voltages and doping concentrations. Equations (14) and (15) are also applicable for the quasi-neutral emitter, provided the parameters
are changed to those related to the emitter (e.g., D, to D, , J,
to Jp , wB to u’s, etc.).
Our numerical results for different QNB thicknesses indicate that D,L,eff is insensitive to wg provided wg is within
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